Wing interference patterns (WIPs) are stable structural colours displayed on insect wings 2 which are only visible at specific viewing geometries and against certain backgrounds. These 3 patterns are widespread among flies and wasps, and growing evidence suggests that they may 4 function as species-and sex-specific mating cues in a range of taxa. As such, it is expected 5 that WIPs should differ between species and show clear sexual dimorphisms. However, the 6 true extent to which WIPs vary between species, sexes, and individuals is currently unclear, 7 as previous studies have only taken a qualitative approach, without considering how WIPs 8 might be perceived by the insect. Here, we perform the first quantitative analysis of inter-and 9 intra-specific variation in WIPs across seven Australian species of the blowfly genus 10 Chrysomya. Using multispectral digital imaging and a tentative model of blowfly colour 11 vision, we provide quantitative evidence that WIPs are species-specific, highlight that the 12 extent of divergence is greater in males than in females, and demonstrate sexual dimorphisms 13 in several species. These data provide evidence that WIPs have diversified substantially in 14 blowflies and suggests that sexual selection may have played a role in this process. 15 16 17 18 19 20 21 22 23 24 25 26 48 differing thickness will reflect different interference colours, 2) wing corrugation, which 49 scatters light in a coherent manner and determines the angle of interference reflection, and 3) 50 the placement of michrotrichia, which produces spherical reflection around the base of each 51 hair, resulting in a more 'pebbled' WIP appearance (Shevstova et al. 2011). Importantly, while 52 WIPs remain stable over the lifespan of individuals (and even long after death), they exhibit 53 limited-view iridescence, whereby the visibility of the pattern diminishes at acute geometries 54 and against certain backgrounds (Shevstova et al. 2011). 55 While it is well known that many insect taxa possess exceptional vision and are capable of 56 perceiving and discriminating colours (Hymenoptera: Peitsch et al. 1992; Diptera: Lunau 57 2014), the biological function of WIPs has long been overlooked. However, a growing body of 58 research suggests that they may function as species-and sex-specific mating cues across a wide 59 range of insects. In support of this, WIPs have been reported to be qualitatively species-specific 60 across many Diptera (Shevstova et al. 2011), Hymenoptera (Buffington and Sandler 2011; 61 Shevtsova and Hansson 2011), and Hemiptera (Simon 2013)including between closely 62 related species. There is also direct evidence that WIPs play an important role in sexual 63 behaviour, as they have been correlated with male mating success and shown to evolve in 64 response to sexual selection in Drosophila species (Katayama et al. 2014; Hawkes et al. 2019).
INTRODUCTION 27
When considering the vast suite of signals involved in animal communication, few capture the 28 collective human interest more than those involving vision. Visual signals have been studied 29 the measurement of relative reflectances. We calibrated our images against a 3% reflectance 114 standard from an X-rite colour checker passport, which was placed 5 mm below the wing in 115 the background of each photo. This resulted in a total of 231 multispectral images (visible 116 spectrum only) of left and right wings across the seven Chrysomya species. 117 From these multispectral images, we were able to take measurements of the average values of 118 red, green, and blue (RGB) channels (hereafter referred to as mean 'colour') and the standard 119 deviation in RGB (hereafter referred to as 'colour contrast') across five individual wing cells 120 ( Figure 1 ) as well as a measurement of the entire wing. Based on these measurements, wing 121 cells that consisted of a single colour (i.e. only red) would have a high mean colour, but low 122 contrast, while wing cells that consisted of several colours would have high contrast (Hawkes 123 et al. 2019 ). In addition to this viewer-independent analysis, we used a cone-mapping approach 124 to convert the multispectral images into two viewer-subjective formats; the CIELab model of 125 human colour sensation, and a receptor-based model of 'blowfly vision' based on the visual 126 phenotype of Calliphora. Using these different models (RGB, CIELab, blowfly) we were able 127 to assess the robustness of our results across three independent datasets. CIELab is a 128 perceptually uniform model of human vision, whereby 'L' represents lightness, 'a' represents 129 values on a green-red axis, and 'b' represents values on a blue-yellow axis. We measured the 130 average L, a, and b pixel values (hereafter referred to as human 'colour') and standard deviation 131 in L, a, and b pixel values (hereafter referred to as human 'colour contrast'). The CIELab model 132 allowed us to validate whether human-perceived qualitative differences in WIPs translate to 133 quantitative differenceswhich will be important for their use in insect taxonomy. For the 134 blowfly visual model, we were unable to measure UV reflectance due to the limitations of our 135 digital microscope camera. As such, we created a simple receptor-based model of blowfly 136 colour vision, based on the long-wavelength sensitivities of Calliphora (Kirschfield 1983; 137 Hardie and Kirschfield 1983), as there are no published receptor sensitivities for Chrysomya 138 species. We assumed involvement of the R8p (Rh5 opsin) and R8y (Rh6 opsin) receptors, 139 which partly mediate colour vision (Lunau 2014) , as well as the R1-6 receptors (Rh1 opsin) 140 which contribute to both colour and luminance vision in flies (Schnaitmann et al. 2013 ). We 
Statistical analysis 147
To broadly assess the patterns of variation in the wing interference patterns of Australian 148 Chrysomya, we first assessed the effects of species, sex, and wing side (left or right) on WIP variation. To do this, we first added a small constant (0.1) to each dataset (RGB, CIELab, and 150 blowfly) to remove zeros associated with damaged wing-sections that were not measured. We 151 then scaled each dataset using the inbuilt R scale function (R Core Team 2019) and performed 152 a redundancy discriminant analysis (RDA) on each using the R packages 'vegan' ( The tests were all declared significant (PERMANOVA; P < 0.001), which implies that 163 the chosen factors (species, sex, and wing) explained a significant proportion of the total 164 variation in colour and contrast in each of the three datasets. As such, to test for the individual 165 effects of each factor, a second permutation F-test was performed for species, sex, wing and 166 the species × sex × wing interaction.
167
To assess the differences between species while accounting for sex-specific variance, we 168 separated the CIELab and blowfly datasets into male and female datasets and performed two 169 further RDAs. For these analyses, we used only measurements from the left wings, as 170 preliminary inspections showed asymmetries between left and right wings within species (Table S1 ).
208
While wing also explained a significant proportion of colour variation in the RGB and CIELab 209 datasets (PERMANOVA; P < 0.05), this was not significant when considered as an interaction 210 with species, sex, or species × sex (Table S1 ). However, considering that there were Inter-specific comparisons 215 To assess how WIPs varied between species, we had to account for the sexual variation in WIP (Table S2 ). 233 To investigate and visualize sex-specific differences within each of the seven species, we 234 separated the CIELab and blowfly datasets by species. On each of these datasets PCA and Figure S5 ). Of these sex-238 specific differences, the first five PCs explained a substantial proportion (>80%) of the overall 239 variation in WIP colour and contrast in both the CIELab and blowfly datasets (Tables S3-a,   240 S4-a, S5-a, S6-a). As such, ANOVA was performed on the first five PCs extracted from these 241 datasets for each species. For the blowfly data, this revealed significant differences between 242 male and female WIP colour in Ch. rufifacies, Ch. flavifrons, Ch. megacephala and Ch. 243 semimetallica (Table S3 -a). Further, WIP contrast also showed sex-specific differences in Ch. Wing interference patterns are widespread among insects, and accumulating evidence suggests 254 that they may function as species-and sex-specific mating cues. Despite this, past inter-and 255 intra-specific comparisons have been limited to qualitative assessments. Here, we provide 256 quantitative evidence that WIPs are species-specific in the blowfly genus Chrysomya. We also 257 show that the extent of divergence is greater in males than in females, and highlight significant 258 sexual dimorphisms in several species. Our findings support the notion that WIPs may play an 259 important role in blowfly mating behaviour by functioning as species-and sex-specific mating 260 cues. 262 Since the RGB, CIELab, and blowfly analyses all produced qualitatively similar results, the 263 subsequent discussion will focus primarily on the results of the blowfly-based analyses, as 264 these data represent the most ecologically relevant receiver. Our results highlight substantial 265 diversification in WIPs in Chrysomya, with significant differences between several species, 266 particularly between close relatives. Notably, the patterns of inter-specific variation differed 267 between males and females; female differences in WIP colour (that is the average colour as (Table S2) rufifacies species group, which suggests convergent evolution in WIP patterns in these two 281 groups.
232

Intra-specific comparisons
261
Species differences
282
Our data also suggest that selection for WIP divergence differs between males and females. It is also plausible that the species-specific differences in WIPs we report are unrelated to 300 sexual selection but are instead a side effect of differences in body size and wing morphology 301 between species. This is because body size and wing membrane thickness tend to scale 302 allometrically (Wootton 1992) which has a direct effect on the colours reflected in WIPs. showed sex-specific differences in WIP colour contrast. Importantly, while the whole wing 339 contributed to the sexual variation of some species, in most species it was specific wing cells 340 that contributed most of the sex-specific variation (Table S3 -b). This suggests that certain 341 sections of the wing may be under stronger selection than others, and highlights that taking 342 measurements across the whole wing can in fact cloud patterns of inter-and intra-specific 
387
However, the study of insect WIPs is still in its infancy, and while our results show substantial 388 species-and sex-specific differences in the WIPs of Australian Chrysomyait is unclear 389 whether these patterns extend to other taxa, and whether they are driven by ecological selection 390 on wing morphology or sexual selection on WIP appearance. Our findings should also be 391 tempered by the fact that we used a tentative model of blowfly colour vision, and were unable 392 to consider UV reflectance, which may also form an important part of WIP displaysalthough, the wing, we used standardised and diffused lighting and a uniform backgroundso exactly 396 how these differences appear to blowflies in a natural setting remains unknown. In fact, there 397 have been no studies of WIPs under ecologically relevant settings for any species, so there is 398 still much to learn about which aspects of the WIP are displayed and perceptible to flies under 399 field conditions. Lastly, there is a compelling need for more studies that combine multispectral 400 imaging, a viewer-dependent model of analysis, and behavioural assays as per Hawkes et al.
401
(2019). We suggest that Ch. flavifrons will be a good candidate for such studies in blowflies. 
